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Abstract: A key methodological challenge in understanding the relationship between the economy
and the underlying ecosystem base resides in how to account for the ecosystem’s degradation and
the decline of associated ecosystem services. In this study, we use information on nutrients and
metals concentrations from the Environmental Change Network (ECN) database and the Scottish
Environment Protection Agency (SEPA) for the period 2000–2010 in order to assess the assimilation
capacity of water systems. The research covers five upstream sites and 17 downstream sites in
northeast Scotland. Our results highlight the relevance of considering a number of pollutants,
and suggest that elements such as arsenic, lead and mercury can pose a threat to ecosystems’
sustainability and health. However, little research has been done in terms of their assimilation
capacity and their impact on grey water footprint assessments. In addition, the results indicate that
background conditions might be relevant when performing sustainability analysis at different spatial
scales. The study also poses relevant questions in relation to land management approaches versus
traditional ‘end-of-pipe’ water treatment approaches, and the definition of maximum and background
concentrations. In this regard, further studies will be required to understand the trade-offs between
different ecosystem services depending on how these concentrations are defined.
Keywords: water quality; water pollution level; assimilative capacity; grey water footprint; nutrients;
metals; Scotland
1. Introduction
The benefits of water quality and its impact on ecosystems have led water to become a policy
priority in many parts of the world [1–3]. Water pollution is intrinsically linked to ecosystems’ health,
the delivery of ecosystem services and human well-being [4]. As such, there is an increasing interest in
accounting for both the contribution of water resources to the economy and the impact the economy
has on water systems [5,6]. In this respect, a number of papers have applied the environmental
Kuznets curve (EKC) to examine the relationship between income and pollution [7–9]. However,
empirical evidence of an inverted U-shape relationship between economic growth and pollution has
been mixed [6–9]. In particular, in the case of water resources, Miglietta et al. [6] have shown that there
is no evidence of an inverted U-relationship between economic growth and water use, when using the
Water Footprint (WF) as a water use indicator.
Considerable experience exists with water quantity accounts in national accounting systems,
as reflected in the System for Environmental Economic Accounts Central Framework (SEEA, CF),
which is the standardised system for environmental accounting [10]. However, less experience exists
regarding the inclusion of water quality issues in standardised environmental–economic accounts.
Although a number of initiatives exist to progress in the development of water quality accounts [5],
methodological challenges still remain, such as the definition and measurement of water quality
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classes [10]. So far, water quality accounts are still experimental in the SEEA-Water [1] and describe
only the total change in quality for the accounting period.
The quality of water may be approached in terms of its uses and functions or in relation to certain
quality standards, as in the case of the EU Water Framework Directive [5]. The water footprint concept
has been increasingly used to account for the impact that consumption and production patterns have
on water resources [11]. The WF measures the volume of freshwater embedded in consumption and/or
production, as well as water quality issues [11–13]. While green and blue water footprints are defined
in terms of consumptive water, the grey water footprint (GWF) is defined as the volume needed to
assimilate a pollutant load on a water body based on natural background concentrations and existing
water quality standards [11]. The GWF is thus an indicator of pollution from anthropic activity [14].
In this respect, the water footprint, including green, blue and grey, provides a wider indicator of the
impacts of human activity on the quantity and quality of water resources. Thereby, it allows combining
both policy targets and ecological information.
The GWF approach has been useful to capture trends in social and economic pressures on water
resources [14–16], and to provide an indication of the assimilative capacity of water ecosystems and
their role as sinks. However, previous publications [17,18] have shown that assumptions on the natural
concentration of pollutants in water bodies largely influence the GWF results, and that heterogeneity
aspects are often overlooked [19]. Thus, most studies often set a value for natural concentration that
is fixed across space and time. In this paper, we take into account spatial and temporal variations
in the concentration of pollutants, and use upland sites as benchmarks to account for the effect of
geochemical conditions on the assimilative capacity of the receiving water body.
In this article, we examine the evolution of water quality and the assimilative capacity of water
bodies in northeast Scotland, which is a necessary step for the assessment of the GWF. For this purpose,
we use information on water quality from the Environmental Change Network (ECN) [20] database
and the Scottish Environment Protection Agency (SEPA) [21] for the period 2000–2010. The ECN
database provides information on freshwater quality in upland areas, while SEPA reports water
quality downstream at the outlet of the catchment. As the geological features of a particular site
strongly influence the content of chemical elements released into freshwater bodies, water quality
indicators in upland areas where there is little anthropogenic influence can provide useful information
on background and environmental conditions.
Our results offer new insights to the WF literature by highlighting the relevance of considering
a number of pollutants and the role of background concentrations. So far, most studies on grey
water footprint have focused on key nutrients such nitrogen and phosphorus. However, the results
presented in this study suggested that pollutants such as arsenic, lead and mercury can pose a threat
to ecosystems’ sustainability and health, while little research has been done in terms of their water
footprint. The paper is organized as follows. Section 2 describes the methods and materials used.
Section 3 presents the main results, and Section 4 discusses the findings.
2. Materials and Methods
2.1. Materials
In this paper, we make use of two databases: the Environmental Change Network (ECN) [20]
database and the Harmonised Monitoring Scheme (HMS) from the Scottish Environment Protection
Agency (SEPA) [21]. The ECN comprises 45 freshwater and 12 terrestrial sites distributed across the
UK. This research focusses on five freshwater sites in northeast Scotland: Lochnagar, Loch Kinord,
Loch Leven, Birnie Burn (Glensaugh) and Spey at Fochabers. The studied database covers the period
2000–2010. ECN freshwater chemistry information consists of a collection of samples from standing
and running waters (or automatic recording where appropriate) that measures physical variables of
aquatic environmental importance.
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Data from SEPA have been obtained through the CUAHSI HydroDesktop administered at The
James Hutton Institute. The database includes freshwater chemistry for 55 sites spread across Scotland.
In this paper, we use information from 17 sites located in northeast Scotland for the period 2000–2010
(see Figure 1).
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Lossie; (35) River Dee; (36) River Don; (37) River Ythan, (38) River Ugie; (39) River Deveron; (40) River
Leven; (47) Rier North Esk; (48) River South Esk; (50) River Eden; (51) River Tay and (52) River Earn.
Note: numbering of sites corresponds to the Harmonised onitoring scheme site number.
The study includes monthly values for the following geochemical variables: (i) nutrients:
ammonium, nitrate, phosphorus, and phosphates; and (ii) metals: aluminium, arsenic, chloride,
co per, iron, manganese, mercury, nickel, lead, sodium, sulphate, and zinc. Maximum allowed
concentrations i water bodies have been taken from the Directive 98/83/EC, amended by Regulation
(EC) Nº 596/2009 of the European Parliament, and the guideli es for the quality of drinking water by
the World Health Organization [22] and Scottish Public Drinking Water Regulations [23]. In this respect,
maximum conce tration has been established i relation to dri king water standards. It should be
noted that for some water quality variables, ecological standards can be more restrictive than drinki g
water standards. However, i general for comparative studies, it is recommended to use the same
standard throughout the study. Thus, while natural and pollutant concentrations in water bodies vary
across time and space, maximum concentrations are set according to the regulatio s.
2.2. Methods
The GWF is an indicator of water resources appropriation through pollution. In this respect, it is
defined as the volume required to dilute any chemical substances above established ambient quality
sta dards [11,13,14]. Similar to the GWF approach, in thi pap r we estim te the capacity that water
bo ies have to assimilate pollution. This assimilative ca acity is presen d as a r tio between the
pollutant concentration in the water body (C, in mass/volume) and th difference betwe n th water
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quality standard (the maximum acceptable concentration Cmax, in mass/volume) and the background
concentration (Cback, in mass/volume), as expressed in Equation (1).
MAC = C/(Cmax − Cback), (1)
where MAC = Maximum Assimilative Capacity, C = pollutant concentration in the water body, Cmax =
acceptable concentration (mg/L), and Cback = background concentration (mg/L).
If MAC is equal to 1, the system is operating at the limit in which the capacity to deal with
pollution is the same as the pollution level. If the ratio is higher than 1, the pollution level is higher
than the capacity, thus yielding to a system under stress. When the ratio is lower than 1, the pollution
is below the assimilation capacity.
In this study, we estimate MAC at the outlet of the catchment. Estimates of the ration between
pollutant concentration and maximum acceptable concentration for upland sites enable us to assess the
assimilative capacity in ‘pristine’ upland areas. As shown in Cruz and Andrade [24], the estimation
of natural background concentrations is key for deriving threshold levels. Water quality measures at
the outlet of the catchment allow us to take into account both point and diffuse pollution along the
catchment. The load at this point will include contamination from different sources; consequently,
this method does not allow us to allocate concentrations to different sources. In addition, in case of
decay processes, concentrations will be lower downstream, which in turn would imply that the sink
capacity of the catchment in some parts will be underestimated.
Regarding background concentrations Cback, references 13 and 25 recommend using local data
for natural background concentrations [13,25]. In this study, pollutant concentrations in upland areas,
which are considered in a status close to ‘pristine’, are used as background concentrations to estimate
the MAC at the outlet of the catchment.
3. Results
3.1. Water Quality in Upland Systems
Data from the ECN database enable us to analyse the evolution of water quality in the selected
upland systems for the period 2000–2010. We focus on a number of nutrients and metals for which
EU and Scottish drinking water regulations, and World Health Organization guidelines, establish
maximum concentrations. Thus, comparison between the actual concentrations and the maximum
allowed substance concentrations provide an indication of the capacity of the system to function as a
sink. Table 1 reports the maximum values used in this study.
Table 1. Maximum concentrations (Cmax) used in ratio calculations.
Element Cmax (mg/L)
Nutrients
NH+4 0.5
NO−3 50
Ptot 0.1
PO3−4 0.1
Metals
Cl 250
SO2−4 250
Mn 0.05
Fe 0.2
Ni 0.02
Hg 0.001
Cu 2
Zn 3
Pb 0.01
As 0.01
Note: Over 0.1 mg/L there might be problems of eutrophication in streams and rivers. For lakes values are lower
and assimilation capacity might be underestimated in those cases. Source: Based on EU Council Directive 98/83/EC
and Scottish Public Drinking Water Regulations.
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Figure 2 shows the ratio between the concentration of nutrients (ammonium, nitrates, phosphorus
and phosphate) and the maximum allowed concentrations. Values represent median daily estimates in
instances where more than one measurement was performed in a day. As it can be observed, in the
case of ammonium the ratio is below 0.5, which means that the capacity of the system is always over
50%. That is, the system is able to cope with current concentrations of ammonium. This same result
is observed for nitrates. The results for all four ECN sites analysed in this study indicate that nitrate
concentration represents less than 5% of maximum allowed concentrations in water bodies. In the
case of phosphorus and phosphates, it is worth noting that the system is often under more stress, with
ratios surpassing 0.5 in many cases, and 1 in the case of Loch Leven, Spey and, to a lesser extent, Birnie
Burn. These sites are also located lower in the catchment and are therefore most likely to be exposed to
diffuse pollution from domestic and agricultural sources.
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Figure 2. Median monthly ratio between concentration of nutrients and maximum concentrations in
Environmental Change Network (ECN) sites. Source: Own elaboration based on ECN data and drinking
water quality standards (Directive 98/83/EC, Scottish Public Drinking Water Regulations [23]).
Figure 3 shows the median ratio between the actual concentration of metals and the maximum
concentration established by the drinking water standards. We report those metals for which maximum
conce trations have been established in regulations. D ta for sodium (Na), nickel (Ni) and arsenic
(As) are also available, but hav not been reported in Figure 3 as these data are not avail ble for most
sites during the period covered by this analysis (2000–2010). The results indicate that, except in the
cases of aluminium (Al), manganese (Mn) and iron (Fe), metal concentrations are below the maximum
allowable concentrations. In the case of Al, ratios are above 1, except for Lochnagar, where average
ratio is 0.14. Al ratios for Spey are the highest, with an average value of 1.2 and a maximum of 16.3,
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indicating that the system is under stress when considering this pollutant. Mn and Fe ratios are also
above 1, except in Lochnagar, where values are below 0.3 and 0.1, respectively.Water 2017, 9, 559  6 of 13 
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Interestingly, it i t ti t t t r, ost elements are out of the potable water
ranges due i l t l ( r . . ) al es. is a be consistent with previous studies
e.g., Yang et al. [26,27] t at s e t at ochnagar and its catchment were contaminated by
anthropogenic-derived trace etals since the 1860s. The source of these contaminants is mostly from
at ospheric deposition fro anthropogenic sources. ccording to Yang et al., ochnagar presented
high concentrations of ercury ( g), lead (Pb), zinc (Zn), copper (Cu) and cadmium (Cd), with soils
rich in organic atter and able to accu ulate large a ounts of trace metals [26]. Thus, soil erosion
and subsequent mobilisation results in high concentrations of metals in Lochnagar.
Data for Na is only available for Spey and Loch Kinord during the period 2000–2010, and for
Birnie Burn between 2005 and 2007. Although ratio estimates are not plotted in Figure 3, the values are
in all cases below 0.08. Ni data are only available for Spey (for the whole period), for Loch Kinord
(2000–2003) and Loch Leven (2003). Despite limited data, in most cases the ratio estimates are below
0.2, with a maximum value of 0.31 in Loch Kinord in 2001. Arsenic estimates are only available for Spey
and Loch Kinord, with values below 0.1 except in the years 2000 and 2001, when the ratios oscillated
between 0.1 and 0.2.
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3.2. Water Quality Downstream: Nature or Nurture?
Table 2 reports average (with standard deviation) and maximum values of the ratio between the
actual concentration of nutrients and the maximum allowed concentration at the outlet of a number of
catchments in northeast Scotland for the period 2000–2010. The actual values have been measured
in downstream points, as shown in Figure 1. As it can be observed, phosphorous and phosphates
are critical substances in all the catchments, with ratios above 1 in many cases, indicating that these
water bodies are under stress with regards to phosphorous concentration. In this respect, phosphorous
run-off from agricultural lands is one of the main sources of diffuse pollution [28,29] and can accelerate
eutrophication of water bodies. In addition to phosphorous, ammonium (NH+4 ) shows average values
above 0.5 and with a maximum of 1.5 in the River Don. The maximum value for ammonium is also
above 1 in the River Leven and above 0.5 in the Rivers Ugie, Deveron and North Esk.
Table 2. Average ratio (std. dev.) and maximum value of the ratio between actual nutrient
concentrations and maximum allowed concentrations in downstream sites. Period 2000–2010.
Site NH+4 NO
−
3 Ptot PO
3−
4
Findhorn
0.016 (0.015) 0.004 (0.003) 0.219 (0.530) 0.112 (0.198)
0.089 0.019 5.140 1.960
Nairn
0.028 (0.051) 0.033 (0.015) 0.458 (2.348) 0.128 (0.127)
0.526 0.061 24.200 0.720
Ness
0.014 (0.015) 0.004 (0.002) 0.104 (0.274) 0.065 (0.082)
0.100 0.016 3.61 0.870
Spey 0.023 (0.021) 0.006 (0.003) 0.247 (0.167) 0.173 (0.118)
0.116 0.018 1.1 0.65
Lossie
0.113 (0.070) 0.048 (0.011) 0.385 (0.190) 0.273 (0.327)
0.378 0.069 1.29 3.43
Dee
0.041 (0.038) 0.016 (0.009) 0.239 (0.175) 0.131 (0.122)
0.168 0.043 1.02 1.04
Don
0.534 (0.297) 0.063 (0.013) 0.791 (0.405) 0.623 (0.318)
1.526 0.091 2.37 1.62
Ythan
0.070 (0.066) 0.150 (0.017) 0.593 (0.376) 0.455 (0.251)
0.364 0.189 3.01 1.82
Ugie 0.111 (0.098) 0.108 (0.018) 0.928 (0.523) 0.639 (0.305)
0.546 0.165 3.33 1.87
Deveron
0.056 (0.065) 0.061 (0.016) 0.526 (0.326) 0.409 (0.219)
0.642 0.099 2.73 1.41
Leven
0.085 (0.122) 0.034 (0.018) 0.770 (0.432) 0.184 (0.153)
1.278 0.094 2.86 1.03
North Esk
0.082 (0.093) 0.039 (0.014) 0.502 (0.546) 0.197 (0.187)
0.68 0.086 3.3 1.4
South Esk
0.083 (0.051) 0.036 (0.013) 0.649 (0.621) 0.272 (0.247)
0.336 0.066 5 1.4
Dighty Water 0.084 (0.055) 0.146 (0.026) n.a. 0.454 (0.366)
0.264 0.215 2.7
Eden
0.140 (0.091) 0.127 (0.017) 2.314 (1.617) 1.576 (0.938)
0.52 0.173 15.4 5.3
Tay 0.038 (0.033) 0.012 (0.009) 0.228 (0.150) 0.074 (0.101)
0.24 1.126 1.11 0.8
Earn
0.062 (0.051) 0.025 (0.010) 0.435 (0.223) 0.207 (0.179)
0.4 0.051 1.33 1.1
Source: Own elaboration based on data from SEPA and drinking water quality standards (Directive 98/83/EC,
Scottish Public Drinking Water Regulations [23]).
Table 3 presents the average ratios comparing the actual concentrations for several metals with
respect to the maximum allowable concentrations in drinking water. These ratios have been estimated
at the outlet of the catchment. We only include metals for which data are available in more than one
site. Thus, estimates for Cu and Zn are not presented in this table, as data are only available for Spey,
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with average estimates of 0.825 and 0.386, respectively. In addition, values for Na are close to zero, and
have not been included in Table 3, either. As it can be observed, ratios are above 1 for As in all the
studied sites, indicating that actual concentration at least doubles allowable concentration, and the
system is not able to cope with this pollution up to drinking water standards. It should be noted that
As concentrations are only available for the period 2000–2010 in Leven and between 2005–2010 in the
rest of the sites, except in north and south Esk, Eden, Tay and Earn, where data are available between
2002 and 2010. In the case of Pb, values are also above 0.5 in the Dee and Spey, and above 1 in the rest
of the sites during the period 2005–2010. Similarly, Hg ratios are also above 0.5 in all the reported sites,
and below 1 only in Findhorn and Ness. As in the case of As, Hg data are not available for the whole
period 2000–2010, except in Lossie, Dee and Ugie.
Table 3. Average ratio (std. dev.) between metals’ concentrations and maximum allowed concentrations
in downstream sites. Period 2000–2010.
Site Cl SO2−4 Mn Fe Ni Hg Pb As
Findhorn
0.044 0.010 0.768 6.922
(0.014) (0.004) (0.319) (4.227)
Nairn
0.075 0.024 1.040 13.024
(0.020) (0.010) (0.624) (5.338)
Ness
0.048 0.008 0.666 5.213
(0.197) (0.002) (0.322) (2.813)
Spey 0.047 0.016 0.020 0.279 0.035 2.507 0.632 8.358
(0.013) (0.006) (0.013) (0.212) (0) (1.933) (0.347) (1.959)
Lossie
0.127 0.060 0.029 0.370 0.073 2.055 3.058 25.79
(0.038) (0.013) (0.018) (0.316) (0.079) (0.938) (2.683) (6.138)
Dee
0.050 0.024 0.025 0.267 0.030 1.514 0.665 8.813
(0.018) (0.008) (0.017) (0.154) (0.020) (1.860) (0.382) (2.254)
Don
0.105 0.052 0.128 0.202 0.325 3.097 1.147 22.428
(0.024) (0.015) (0.179) (0.168) (0.121) (3.123) (1.910) (4.444)
Ythan
0.136 0.072 0.026 0.139 0.410 2.900 1.113 28.329
(0.030) (0.014) (0.012) (0.114) (0.120) (2.113) (0.726) (3.249)
Ugie 0.164 0.072 0.029 0.323 0.163 2.786 2.432 28.341
(0.023) (0.018) (0.017) (0.298) (0.088) (1.695) (1.414) (2.968)
Deveron
0.103 0.044 0.015 0.194 1.528 21.118
(0.028) (0.014) (0.004) (0.057) (0.926) (3.119)
Leven
0.104 0.422 46.486
(0.046) (0.256) (17.391)
N Esk
0.044 0.031 1.435 11.657
(0.013) (0.009) (0.969) (2.476)
S Esk
0.041 0.030 11.867
(0.013) (0.007) (2.631)
Dighty Water 0.136 0.095
(0.029) (0.009)
Eden
0.118 0.128 39.387
(0.020) (0.022) (5.565)
Tay 0.029 0.015 0.008 0.037 0.786 7.184
(0.008) (0.006) (0.006) (0.007) (0.329) (1.456)
Earn
0.033 0.020 1.334 10.211
(0.012) (0.008) (0.680) (2.706)
Source: Own elaboration based on data from SEPA and drinking water quality standards (Directive 98/83/EC,
Scottish Public Drinking Water Regulations [23]).
Next, we present the results obtained for the ratio between the actual concentration of nutrients
and metals in downstream sites, and the maximum allowed concentration as set in drinking water
standards [23]. Compared to the results presented in Tables 2 and 3, these estimates take into account
background concentrations, assuming these concentrations are equal to the concentrations of nutrients
and metals in upstream (ECN) sites. It should be noted that, where available, we also made use of
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background concentrations for metals as reported in Peters et al. [30]. Table 4 shows the upstream
sites used as reference in each downstream site and the average concentrations in each upstream site
both from the ECN database [20] and from Peters et al. [30]. Median monthly values were used to
estimate monthly ratios between actual nutrient concentrations, maximum allowed concentrations as
set in drinking water standards [23] and background concentrations in downstream sites as per Table 4.
The results presented in Figure 4 indicate that ammonium ratios are in most cases below 0.4, with
only a few values above that threshold. Similarly, nitrates’ ratios are the lowest, with values below
0.1 during the whole period 2000–2010. As shown earlier in Table 2, phosphorus ratios are above the
assimilative capacity of the water body, based on maximum concentrations as defined by drinking
water standards. The highest values for phosphates are observed in the Don, while total phosphorus
values peak in the River Leven downstream in the catchment.
Table 4. Upstream sites used as reference for background concentrations in downstream sites.
Background concentrations (µg/L).
ECN Sites SEPA Sites NH+4 NO
−
3 Ptot PO
3−
4 Cl SO
2−
4 Mn Fe Ni Hg Cu Zn Pb As
Spey
Findhorn 11 317 25 16 116 3811 35 377 1 0.01 2 7 0.5 0.3
Nairn 2
Ness
Lossie
Lochnagar Dee - 221 3 1 2882 687 5 9 0.13 - 2 2 - 0.09
Don 0.3 0.3 0.2
Leven Leven 44 131 49 8 18,647 13,182 71 78 1 - 0.7 1.2 1 -
Birnie
Burn
North Esk 9 169 25 4 6681 1589 20 76 0.3 - 1 2 - -
South Esk 0.6 0.1
Source: Own elaboration based on ECN data for the period 2000–2010 and Peters et al. [30]. Note: These values
have been obtained from Peters et al. [30] for Findhorn, Dee, Don, Leven, North & South Esk.Water 2017, 9, 559  10 of 13 
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Figure 5 provides a closer look at the ratio between actual phosphorus concentrations and the
maximum concentrations when background concentrations are or not taken into account. This allows
us to compare the effect of background concentrations on the assimilative capacity of the system for
this particular case. As it can be observed, ratios are slightly higher when background concentrations
are taken into account, indicating that background or upstream values can play an important role in
reducing the capacity of water bodies to assimilate pollution and supply ecosystem services.
Table 5 shows the average ratios (standard deviation) between the concentration of a number
of metals and the maximum allowed concentrations in drinking water. The ratio also takes into
consideration background concentrations in water bodies, assuming that these concentrations are
equal to the values in reference upstream sites (as per Table 4). In addition, values from Peters et al. [30]
have been taken into account when available. It should be noted that calculations have been done on a
monthly basis. Thus, in some cases, either downstream or upstream values were not available and it
was not possible to obtain ratio estimates. For example, lead concentrations for the Dee and Don are
available between 2005 and 2010, while upstream values are only available until 2005. In these cases,
assumptions would need to be made with respect to any of the missing values. However, this is out of
the scope of this study. As it can be observed from the table, the iron (Fe) ratio in Lossie is negative
because the levels of background concentrations used exceed maximum allowed concentrations based
on drinking water standards. In line with the results presented in Table 3, As ratios are the highest,
suggesting that the system is unable to cope with As concentrations up to a drinking water standard.
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Table 5. Average ratio (std. dev.) between actual metal concentrations and maximum allowed
concentrations in downstream sites, including background concentrations. Period 2000–2010.
Site Cl SO2−4 Mn Fe Ni Hg Pb As
Findhorn 0.046 (0.014) 0.012 (0.003) - - - 0.715 (0.260) - 7.414 (4.668)
Nairn 0.080 (0.020) 0.028 (0.008) - - - 1.059 (0.643) - 14.107 (5.587)
Ness 0.050 (0.144) 0.009 (0.001) - - - 0.600 (0.238) - 5.526 (3.142)
Lossie 0.135 (0.039) 0.062 (0.013) 0.002 (0.226) −2.18 (9.96) 0.087 (0.097) 2.044 (0.929) 3.304 (2.911) 27.548 (6.622)
Dee 0.049 (0.016) 0.023 (0.007) 0.023 (0.021) 0.241 (0.139) 0.030 * (0.01) - - 8.991 * (2.013)
Don 0.108 (0.023) 0.055 (0.013) - 0.185 (0.064) 0.331 * (0.124) - - 23.001 * (4.643)
Leven 0.145 (0.128) 0.498 (0.353) - - - - - -
North Esk 0.043 (0.010) 0.030 (0.008) - - - - - -
South Esk 0.042 (0.010) 0.031 (0.005) - - - - - -
Source: Own elaboration based on data from SEPA, drinking water quality standards (Directive 98/83/EC, Scottish
Public Drinking Water Regulations [23]), ECN data and * Peters et al. [30] for background concentrations.
4. Discussion
This study assesses the capacity of a number of water bodies to assimilate pollution. Although
the study uses data from Scotland, there are a number of key findings that might be relevant for other
regions and scales of analysis. Our results highlight the relevance of considering a number of pollutants
when estimating the assimilative capacity of water systems and, subsequently, the GWF. So far, most
studies on grey water footprint have focussed on key nutrients (mainly nitrogen and phosphorus).
However, the results presented in this study suggested that other pollutants such as arsenic, lead and
mercury can pose a threat to ecosystems’ sustainability and health, while little research has been done
in terms of water footprint. This is in line with Franke et al. [13], in which the authors assess the GWF
of key pollutants, including mercury, vanadium and ammonium. In addition, the research also assesses
the assimilative capacity in areas with no apparent anthropogenic influence. The results show that
the relationship between actual pollutant concentrations and the maximum allowed concentrations
defined by the set standard, in this case drinking water quality regulations, in the region is important
to understanding the pollution potential of areas without industrial activities nearby. In addition, it
shows an application of the assimilative capacity as an indicator of environmental change.
The GWF and assimilative capacity of water systems present a relatively simple estimate to
analysing water quality data, assessing the sustainability of water systems, and defining hotspots to
target policy actions. The results presented above reinforce the importance of covering different spatial
and temporal scales due to variations between catchments and periods of time. Thus, for example,
the study shows that phosphorous is a main issue not only in downstream sites but also in upland
areas. In this respect, reference sites that are located lower in the catchment are most likely to be
exposed to different sources of diffuse pollution. Therefore, more targeted management in the upland
areas could provide cost-effective solutions to tackle downstream pollution [31]. In addition, the
results show that background conditions are also relevant in some cases, with maximum assimilative
capacity ratios displaying different values when these background conditions are taken into account.
In this respect, the geochemistry of the site might be relevant when performing sustainability analysis.
An aspect linked to this is the land cover in upstream sites. For example, research has shown that
conifer afforestation in upland areas of Scotland is associated with increased levels of manganese in
runoff [32]. Our results also point to high manganese concentration ratios in upland sites. In addition
to these specific results, the study highlights the spatial differences that take place both across and
within catchments. The results suggest that GWF studies would therefore benefit from more spatially
explicit assessments in order to determine the most critical substance at different spatial scales.
In this study, we defined maximum concentrations according to drinking water standards.
However, other thresholds could be defined based on a different set of criteria, such as the ecology
of the water body, which could help understand better the trade-offs and priorities in terms of
different ecosystem services. Along these lines, a relevant question would be whether a change in land
management practices could be more cost-effective than an ‘end-of-pipe’ or traditional water treatment
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approaches. In this line, a natural step from this research would be to examine the cost of reducing
pollution via land management compared to public preferences for improved water quality [33].
The MAC ratios presented in this study address both spatial and temporal heterogeneity. In this
respect, several issues need further investigation. First, background concentrations have been assumed
equal to upland concentrations, which might introduce some errors in the estimations. More evidence
about the use of these concentrations to benchmark downstream concentrations needs to be undertaken.
Second, trends over the 10-year period analysed in this study are difficult to define. Thus, it would
be interesting to consider longer time series in order to identify temporal and spatial patterns. Third,
some of the downstream water quality data display outliers that would need to be analysed in further
detail to understand better their behaviour and economic and policy implications.
Finally, although a large volume of data are already available, this research shows that data are
still lacking, in particular for longer and consistent periods of time, in a way that allows a better
assessment of the dynamics and links between land management, geochemistry and water quality.
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